Despite the importance of interface dipole on the charge carrier injection at metal/organic contacts, there is yet no estimation of the various contributions to the overall dipole. We propose a simple approach to delineate and estimate the contribution of metal-induced interface states ͑MISs͒ toward the overall dipole. The relative contribution of the MIS was found to increase as the slope parameter decreases. By using published results, we estimate the relative MIS contributions in organic-silver contacts for various organic semiconductors to be Ϫ30%-80% of the overall dipole. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3099836͔
However, factors that determine the barrier heights at the M/O interfaces have been a subject of much interest and debate in recent years, although various models have been proposed to provide physical pictures on how and why the experimentally observed barrier heights depend on the metal contact. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Analogous to the history of metal/semiconductor contacts, the Schottky-Mott limit, the first model put forward to predict the carrier injection barrier height at the M/O interface, has turned out to be invalid due to the deviation of experimental findings from the theoretical prediction. The energy level alignment should consider the vacuum level discontinuity, which is associated with an interface dipole ͑⌬͒ resulting from charge rearrangement upon the interface formation. 6 Various origins of interface dipoles have been proposed, such as charge transfer, 6 metal-induced interface state ͑MIS͒, 7 chemical bonding, [8] [9] [10] [11] exchangelike effect, 12, 13 permanent molecular dipole moment, 14, 15 etc. The interface dipole at M/O interfaces assuming the origin of MIS has been modeled with the similar approach to the metal/inorganic semiconductor contacts. 16, 17 However, little work has been done to estimate the individual contributions at M/O interfaces. For instance, the relative contribution of MIS toward the overall interface dipole is not yet clarified either for metal/inorganic or M/O contacts. [18] [19] [20] In this letter, we propose an approach to isolate and estimate the relative contribution of MIS to the interface dipole using M/O contacts as examples.
According to the MIS model proposed by Cowley and Sze, 17 interface states would be induced in the original band gap of the semiconductor upon contact formation between metal and semiconductor. Partial electrons would redistribute and fill the band gap near the M/O interface, leading to an interface dipole, ⌬. 7, 16, 17 Thus, the barrier height for hole injection ͑ h ͒ can be written as
where m is the metal work function, IP is the ionization potential, and ⌬ is proportional to the amount of per-area charge transferred due to energy difference between the metal Fermi level and the organic charge neutrality level ͑CNL͒ of E CNL . Assuming a uniform distribution of MIS, ⌬ can be estimated as
where k is the proportionality factor. After plugging the interface dipole into Eq. ͑1͒, we can get
or in a common form of
where the slope parameter S =1/ ͑1+k͒ is experimentally found to be a material constant of the semiconductor. Equation ͑4͒ suggests that the injection barrier would vary linearly with the metal work function with a slope smaller than 1. It is also noticed that in the absence of MIS, the injection barrier heights will follow the Schottky-Mott limit.
a͒ Authors to whom correspondence should be addressed. Electronic addresses: apcslee@cityu.edu.hk and jxtang@suda.edu.cn. Assuming that MIS is the sole contributor to the interface dipole, these two lines would intercept at a particular point due to the discrepancy in slopes. The vertical difference between these two lines is due to the presence of an interface dipole; therefore the physical meaning of the interception point corresponds to ⌬ = 0. For a metal with m,⌬=0 , the CNL position in an organic semiconductor can be determined from the interception point, m,⌬=0 = E CNL ͓see Eq. ͑2͔͒. For metals with m Ͼ m,⌬=0 , ⌬ is positive and represents a charge transfer from the organic to the metal at the interface. Consequently, this leads to a simple and straightforward approach for experimental determination of the CNL position of any organic semiconductor as well as the dipoles formed at different interfaces. Figure 2 plots the experimental data of hole-injection barriers at interfaces between metals and commonly used organic materials in organic electronics, including tris͑8-hydroxyquinoline͒ aluminum ͑Alq 3 ͒, N , NЈ-bis͑1-naphyl͒-N , NЈ-diphenyl-1 , 1Ј-biphenyl-4 , 4Ј-diamine ͑NPB͒, pentacene, copper phthalocyanine ͑CuPc͒, 3,4,9,10-perylenetetracarboxylic bisimidazole ͑PTCBI͒, and 3,4,9,10-perylenetetracarboxylic dianhydride ͑PTCDA͒. Partial experimental data are taken from the literatures, and the barrier heights are all extracted from the photoemission spectroscopy measurements. [9] [10] [11] 21 The position of the lowest unoccupied molecular orbital of organic materials is marked by using the charge transport gap ͑dot dashed line͒. 7, 21 It should be pointed out that while the injection barrier is roughly linearly dependent on metal work function, the relation deviates significantly from linearity when reactive metals are involved. 22 Such effects are beyond the scope of this work, and the discussions here are limited to nonreactive metals only.
The solid line in Fig. 2 corresponds to a linear leastsquares fit to the experimentally measured hole-injection barriers against metal work functions, yielding slope parameters S from 0 to 0.96 for different organic semiconductors. In contrast to CuPc and pentacene, planar organic materials such as PTCBI and PTCDA show a vanishing S of nearly zero, which might be due to a more electron accepting character. According to the interception point between the solid line and the dashed line ͑predicted by the Schottky-Mott model͒ in Fig. 2 , we can obtain the experimental value of E CNL . It can be seen that the trend for Alq 3 cannot be directly described by the above analysis. The slope S for Alq 3 is almost equal to 1, and the interception point or E CNL value lies far outside the energy gap, which is physically not feasible, implying that the above analysis is not applicable to Alq 3 . However, interception points for the other organic materials do lead to reasonable E CNL values. The E CNL values as determined from the above plots are listed in Table I together with the theoretical values calculated by Vazquez et al. 7 It is interesting to note that the discrepancy between the empirical and theoretical CNLs increases as the slope parameter increases. The slope S is a measure of how effective the MIS can induce the interface dipole. In the extreme case of S ϳ 0, the interface dipole will reach a saturated value with the organic CNL aligned to the metal's Fermi level. This is consistent with PTCBI ͑S ϳ 0͒ and PTCDA ͑S ϳ 0͒, where Fermi level pinning takes place and the variation in m is fully compensated by the MIS induced interface dipole. 19, 21 In the other extreme case of S = 1, there is no MIS induced interface dipole. Organic materials, such as Alq 3 and NPB, should thus have a small MIS induced interface dipole. It indeed invalidates the assumption that MIS is the sole contribution to the interface dipole, and other non-MIS causes are expected to contribute to the dipole. At least, the exchangelike effect is universal to all M/O systems that is as- sociated with the compression of the electron tail spill-out from metal surfaces by exchange repulsion of adsorbed molecules. 12 To cater for this, we might separate the dipole, ⌬, into the part due to MIS, ⌬ MIS , and the part due to other factors, ⌬ non-MIS . Equation ͑2͒ becomes
Therefore, given that S, E CNL , and ⌬ of the organic are known, Eq. ͑5͒ would allow us to isolate the individual contribution of MIS. For a zero order approximation, it is further assumed that the non-MIS contribution to the interface dipole is solely associated with the exchangelike effect, and its magnitude is independent of m . Comparing the difference between MIS model and experimental data, the term ⌬ non-MIS would thus represent a vertical shift in the solid line as shown in Fig. 1 . Thus, ⌬ non-MIS can be estimated as the energy difference between the predicted MIS model and experimentally obtained hole-injection barriers when the metal work function equals the theoretically calculated CNL position ͑i.e., the ଁ position͒. 7 For easy comparison, the MIS contributions when m = 4.2 eV ͑e.g., Ag͒ are calculated and listed in Table I . It can be seen that the MIS contribution ranges from Ϫ30% to 80% depending on the S value. As expected, the MIS contribution increases as S decreases. It is also interesting to note that the planar molecules ͑e.g., PTCBI and PTCDA͒ appear to have small S values and large MIS contributions, while the bulky three-dimensional molecules ͑e.g., Alq 3 and NPB͒ have larger S values and much smaller MIS contributions to the overall dipole. This difference might be due to the fact that molecular aggregation would influence how intimately the molecule can interact with the metal to generate MIS and obviously deserves more detailed analysis to further elucidate the physical basis.
Strictly speaking, the theoretical values of the electron tails at metal surfaces vary for different metals and facets. This discrepancy and the ordering effect of organic semiconductors are not yet included. Moreover, the accuracy of the estimated MIS contribution obviously relies on the validity of the theoretical values of CNL positions. However, the present analysis can be easily upgraded once more accurate theoretical CNL positions are available. Nevertheless, our present attempt is self-consistent and a worthy first step toward the isolation of relative contributions to interface dipole.
In summary, we proposed a simple approach to isolate the relative contribution of the MIS effects toward the overall interface dipole. In general, we found that the relative contribution of the MIS increases as the slope parameter decreases, by comparing the CNL positions of various organic materials so obtained with the theoretically estimated values. Using organic-silver contacts as example, a typical contribution of the MIS ranges from Ϫ30% to 80% of the overall dipole.
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